A direct observation and an in-depth characterization of the steps by which bone mineral nucleates and grows in the extracellular matrix during the earliest stages of maturation, using relevant biomineralization models as they grow into mature bone mineral, is an important research goal.
Bone is a nano-composite material made of poorly crystalline, carbonated apatite-like crystals intimately associated with the collagen fibrils. 1 The mechanism of bone mineralization is controversial, but it is usually believed to involve precipitation and crystal growth of transient calcium phosphate (CaP) precursors within the collagen fibrils. 2, 3 There has been much debate in the literature about whether CaP precursor phases are delivered to the collagen and, if so, what the nature of these CaP precursor phases may be and whether these precursor phases wholly account for mineralization of the collagen fibrils. 4, 5 Amorphous mineral precursors, such as amorphous calcium phosphate (ACP), have been suggested to be a universal transient precursor to mature mineral in vertebrates and invertebrates. [2] [3] [4] [6] [7] [8] Previous acellular studies showed that ACP could be converted to crystalline apatite in vitro in a solution containing calcium and phosphate complexes. [9] [10] [11] [12] In these studies, which incorporate isolated and reconstructed collagen fibrils, the CaP particles nucleated within the collagen fibrils and later grew into elongated crystals within the fibrils, a process directed by proteins. 13 In contrast, in the absence of extracellular matrix (ECM),
CaP pre-nucleation species composed of calcium triphosphate ion-association complexes (Ca/P=0.3-0.4) were found to first form a polymeric chain before condensing to spherically-shaped ACP.
Acellular systems, however, still do not faithfully reflect how mineralization occurs in organisms and need to be supported by investigation of biological samples. A full understanding of this process is very important as uncontrolled precipitation of mineral in collagenous ECM, which is present in many mammalian tissues, including skin and blood vessels, may have severe pathological consequences. 14, 15 Therefore animals have evolved complex, cell-orchestrated mechanisms to control mineral deposition, ensuring it happens only in appropriate places such as the skeleton. Central to this process are osteoblasts, which have been proposed to promote and control deposition of mineral in the bones. 4, 16 To understand how osteoblasts control mineral deposition, cell culture models have been used to try and understand the process by which mineral is delivered from osteoblasts to the collagen. 4 , 16 We 16 and others 4 have previously found strong evidence to suggest early mineral precursors originate intracellularly from mineral vesicles subsequently secreted by osteoblasts in proximity to a collagenous ECM. We found the existence of calcium-rich intracellular vesicles that were hypothesized to provide the appropriate environment for the initiation of the CaP mineralization. These amorphous CaP particles formed inside the cells are then released from the cells inside vesicles 4, 16 where they deposit in the ECM 4 and undergo crystallization. Calcium-polyphosphate complexes, present in electron-dense intracellular vesicles, have been proposed as a source for intracellular phosphate, as they allow phosphate accumulation and can be hydrolytically degraded by the alkaline phosphatase, ensuring enzymatic control of mineral deposition. [17] [18] [19] Supporting a role for a controlled crystallisation of CaP from cell derived vesicles, work in zebrafish, (using a combination of synchrotron micro-beam X-ray diffraction, small-angle x-ray scattering and cryo-scanning electron microscopy (cryo-SEM) of frozen hydrated and freeze dried tissues) showed that the ECM contained globular entities, 200-500 nm in diameter, possibly To address this we have combined scanning transmission electron microscopy (STEM) with electron energy-loss spectroscopy (EELS), as well as high-resolution transmission electron microscopy (HRTEM), to analyze anhydrously preserved mineralizing osteoblast cultures.
Utilization of an anhydrous method avoids aqueous solution-induced mineral phase transformations 3 and preserves the crystallinity of the bone apatite. 22, 23 This combination of techniques provides high spatial resolution (probe size of ~1 Å, allowing the 'effective' resolution in datasets to be governed by the magnification and pixel size chosen rather than being limited by optical parameters) analytical information about the step-by-step process by which the mineral grows into mature poorly crystalline carbonated hydroxyapatite in the ECM. Specifically variations between the morphology, chemistry and coordination environment of the different formats of mineral detected within the nodules were analyzed to provide a link between how the CaP precursor granules nucleate, transform and grow into mature mineral crystals. To achieve this, we used a primary mouse calvarial osteoblast cell culture model. Calvarial osteoblasts form mineralized nodules after culture in the presence of osteogenic supplements with many of the structural features of mature bone, and represent a well-understood, controlled in vitro system for studying the mechanism by which bone cells control mineral deposition.
16,24
Results and Discussion ECM-associated mineral deposits vary in size and crystallinity and may represent different
stages of maturity
We first investigated the morphology and crystallinity of mineral deposits forming in bone nodules after culturing neonatal mouse calvarial osteoblasts for 28 days in osteogenic differentiation medium. As shown in Figure 1 and previously in our published work, (16) Figure 1B) . In addition to these large mineralized deposits, smaller clusters of mineral were also observed in the ECM ( Figure 1B ).
For compositional analyses, we analyzed the mineral morphologies, which dominated the ECM, using high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM).
Here, the electron beam is condensed down to a probe and rastered across the sample to build up an image. Because of the small electron probe size ( 1 Å), high resolution images of the mineral structures can be obtained and can be combined with analytical techniques to give chemical information on the nanoscale. The mineral morphologies selected have been described in other publications on the progression of bone mineralization over time in situ.(2) For simplification, the three representative mineral structures found within the ECM were categorized as smaller "dense granules" with disordered morphologies (<80 nm in diameter; Figure 1C) ; calcium phosphate needles emanating from a focus: "needle-like globules" (100-300 nm in diameter; Figure 1D ) and aligned needle-like mineral: "mature mineral" ( Figure 1E ). The smaller mineral clusters were The dense granules were also dispersed within the mature mineral ( Figure S2b ), which may represent more mature form of this structure; for this reason, all subsequent nanoanalysis was only performed on the dense clusters adjacent to the mature mineral. The diameter size was significantly different between the dense granules and needle-like globules as shown in Figure S3 . Finally, a fourth but less dominant morphology was also observed: calcium phosphate needles emanating from a dense core ( Figure 1F ). Mineral bodies, termed mineral-bearing globular entities with similar morphologies and size, have previously been identified using cryo-SEM of mineralizing bone in zebrafish fin rays.(2) These bodies have also been shown to be composed of noncrystalline subparticles in a zebra fish model, although direct evidence that these subparticles are amorphous was not provided.(2) Though this needle-like morphology has been observed before, (9) we are not ruling out the possibility that some of the mineral clusters may actually be thin plates rather than "needles". Plates can be difficult to observe in the electron microscope, giving insufficient contrast, unless they are lying edge on to the electron beam. As a result, the terminology of "needle" has been used throughout this report, as that is what is observed experimentally.
Next, we analyzed the crystallinity of the dense granules and mineral crystals emanating from foci. HRTEM images of the later structures showed regions of crystalline order, approximately a few nanometers in size ( Figure S4a ,b). The bulk of the dense granules was amorphous and the surface was crystalline (probably an artifact of sample preparation, discussed in SI). In previous work, we also observed mineral crystals emanating from foci. (16) In that case, confined packets of calcium phosphate, obtained from an anhydrous preparation route, were studied by SAED. The SAED showed that the calcium phosphate did not exhibit the expected textured diffraction pattern associated with the mature mineral; regions with crystalline order of the order of a few nanometers were also seen in the material within the vesicles using higher resolution phase contrast imaging. (16) The recent identification of highly disordered CaP phases, composed of a mixture of highly disordered OCP-like mineral and ACP, as possible transient mineral precursor (20, 21) could explain the detection of some order of crystallinity within the dense granules. Poorly crystalline mature aligned mineral associated with the collagenous ECM was also found ( Figure   1E ). Taken 
Chemical composition analyses demonstrate variations in Ca/P of mineral morphologies indicating different stages of maturity
To further elucidate whether the chemistry differs between each of the mineral morphologies and to provide further insight about how the mineral nucleates and grows as it matures, we performed EEL nanospectroscopy to map the chemical composition, bonding, and coordination environment of atoms in the three different mineral morphologies. The electron probe is moved serially across the sample and an EEL spectrum is recorded at each probe position, thus forming a "spectrum image" from which chemical information can be extracted. In all morphologies, we confirmed the presence, in varying amounts, of phosphorus (through its L2,3 ionization edge), calcium (L2,3 edge), nitrogen (K edge), and oxygen (K edge). Typical EEL spectra can be seen in Table S1 based on known energy losses for these bonds. We found no changes in fine structure of the calcium (L2,3), nitrogen (K), and oxygen (K) edges between each dominant CaP structure (discussed in SI).
To test the hypothesis that the different mineral morphologies represent mineral at different stages of maturation, we characterized the Ca/P ratios from energy dispersive X-ray (EDX) spectra. The different mineral morphologies had a Ca/P with a range of 1. The same group has further identified, using EDX of extracted mineral, globular entities within the extracellular matrix with Ca/P equal to, or larger than, 1.3,(3) which corroborates our findings and suggests that the apatitic mineral precursor phases may evolve depending on their location (intra-vs extracellular), as previously proposed. (18, 19) Although it is not excluded that the dense granule Ca/P may be affected by sample preparation, the trend of increasing Ca/P as bone mineral matures was observed in both Mahamid's studies (3, 4) and in the current work. Together, these data indicate that the Ca/P increases successively between the dense granules, the needle-like globules, and the mature crystallites formats, which further supports the hypothesis that the former are a transient precursor phase in mineralizing bone.
EEL spectrum imaging demonstrates a dense cluster of intense carbonate signal in the core of the granules which becomes less intense and less localized as the mineral matures
EELS was used to analyze the local atomic and chemical environment of the different mineral structures. The most striking variations between the different mineral morphologies were observed in the fine structure of the carbon K edge, which allowed us to study differences in the level of carbonate. It is well known that in vivo bone carbonate content increases as bone matures, (28) (29) (30) and we considered that it might be the case that we could track carbonate substitution in the maturation of mineral.
The carbon K edge signal taken from all mineral morphologies comprises a variety of peaks, with two main features consistently found in all spectra: an initial peak at energies ranging between 284.5 and 288 eV, which-depending on the exact functional chemistry-subdivides into separate features, as explained in detail below, and corresponds to 1s * electronic transitions;
and a broad shoulder at 297.5 eV (labeled peak D in Figure 3D -F) characteristic of 1s * transitions in the carbon-carbon bonding environment. (31) Bond assignments for the carbon K edge are listed in Table S2 . Amorphous carbon spectra characteristically consist of broad * and * peaks, with an overall edge onset at 284.5 eV (peak A in Figure 3D-F) . (32) Further processing of the carbon K edge was performed using multilinear least-squares (MLLS) to facilitate the identification of the smaller carbonate and carbonyl peaks (described in SI). This approach allows us to compare, in detail, the carbon bonding environment in each of the mineral morphologies.
Individual EEL spectra taken from the dense granules ( Figure 3A,D) and the needle-like globules ( Figure 3B ,E) showed a shoulder peak at 287.5 eV (peak B) characteristic of the 1s * transition of the carbonyl (R-C O) group.(33) In contrast, this specific subfeature of the * peak was not detected in the mature mineral ( Figure 3C,F) . Another peak detected at 290.2 eV (peak C in Figure   3D -F) is attributed to the 1s * transition in the carbonate group (31, 34, 35) and was detected from all mineral morphologies. The detection of the carbonate group from the mineralized ECM is consistent with our previous study using Raman spectroscopy showing CO32-1 in-plane vibrations in the mineralized ECM of bone nodules formed from mouse osteoblast cultures. (24) The carbonate distribution is most conveniently visualized by mapping the relative intensity of peak C across the data sets through MLLS ( Figure 3D-F) . These maps reveal a very strong contribution to the overall carbon K edge signal arising from the carbonate peak in the case of the mineral granule, with a very dense cluster of intense carbonate signal in the core of the granule ( Figure 3G ). As the mineral matures, the carbonate signal becomes less localized and less intense as the density of the mineral decreases ( Figure 3H and the less dense material in Figure 3C ,I; note the difference with the dense granule at the top of Figure 3C ). Similar analysis was also carried out for the carbonyl functional group (Figures 3G-I ), revealing similar trends and confirming the initial observation that no carbonyl signature is found in the mature mineral.
Higher presence of carbonate in the young in vitro mineral has been seen in previous in vitro studies performed by Rey et al. using bulk techniques (X-ray diffraction and FTIR). In the present study, the application of spatially resolved nanoanalytical electron microscopy has distinguished three dominant CaP structures in mineralizing osteoblast cultures from a mouse model: < 80 nm dense granules with a low Ca/P and crystalline domains; mineral emanating around a focus of calcium phosphate with diameter >100 nm; and mature mineral, both with statistically higher Ca/P compared to that of the dense granules. This observed link between mineral morphology and Ca/P supports other studies in the literature. 
Conclusions
In conclusion, this work illustrates that carbonate-rich calcium phosphate dense granules are found at the collagen matrix and may act as seed for growth into larger, submicron-sized, globular aggregates of apatite mineral with a different stoichiometry. These globules appear to mineralize the collagen fibrils forming crystalline textured crystals with a higher Ca/P and with less intense carbonate component as the mineral phase of bone. We provide evidence that the use of a carbonate rich, CaP spherical bioseed could be a process by which a soluble CaP phase is stabilized and delivered to the collagen for subsequent maturation and collagen mineralization. There is growing evidence that mineral-stabilizing proteins may be involved in mineral maturation.(51) Future work using membrane sensitive stains is needed to assess whether the calcium phosphate material is localized within matrix vesicles. Also, such work could be extended to the analysis of in vivo systems. Although in vitro models (like the calvarial osteoblast model utilized in the current study)
are excellent controlled systems for studying cellular processes, they do not fully replicate the complexity of the in vivo situation, such as interactions between different cell types and organ systems (e.g., the blood vessel system). Future work may address this by employing similar techniques during bone development or repair. More generally, we suggest that the dramatically improved energy resolution (<0.015 eV) of a new generation of electron microscopes promises to enable a full characterization of the functional chemistry in these complex minerals,(52) both through enhanced resolution at the core edges and through vibrational spectroscopy techniques at spatial resolutions unattainable with other related techniques, such as Raman spectroscopy.
Furthermore, these experiments can be efficiently carried out in so-called "aloof" mode, whereby the electron beam never traverses the sample but is sufficiently close to excite vibrational excitations, thus retaining a high level of spatial localization (nanometer-scale) while providing a very efficient means to limit beam damage effects. (53) The prospects of combining very high energy and spatial resolution electron microscopy, or even vibrational spectroscopy at subnm scale, should soon make the direct detection of these proteins eminently feasible.
Experimental Section

In vitro mineralization
Following isolation and expansion, neonatal mouse calvarial osteoblasts were seeded on glass coverslips (30 000 cells/cm 2 ) and mineralization was induced following a well-established mineralization protocol. (16, 24, 54) At day 28 of culture, cells were harvested and were prepared following an anhydrous fixation and resin embedding route previously reported(16) that allows to preserve the mineral morphology, crystallinity, and chemistry of the cells. Details of the experimental procedure are provided in the SI section.
Electron Microscopy Imaging and Analysis
Preliminary bright-field TEM imaging of the extracellular mineral deposits was performed on a JEOL 2000FX. Energy dispersive X-ray spectroscopy (EDX) analysis was carried out on a JEOL 2100F. BF-STEM, HAADF-STEM, and STEM-EELS were performed on a Nion UltraSTEM (SuperSTEM, Daresbury, U.K.) operated at 100 kV. HRTEM experiments were conducted using an FEI TITAN 80/300 operated at 80 kV ( Figure S4 ). Dose-induced damage experiments on sacrificial regions of the samples, using a distinct spectral feature at 530 eV in the oxygen K EELS fine structure as a damage marker were performed to identify regimes adapted for reliable interpretation of the EEL spectra ( Figure S6 ). Details of the experiments are available in Supporting Information and Methods.
EDX and EELS analyses
To calculate the Ca/P, the maximum of the EDX peaks of Ca (K ) and P (K ) of the sample were processed using the Cliff-Lorimer equation. (16, 32) The K factor was calculated using a carbonated hydroxyapatite (CHA standard). EELS spectrum images were collected from regions of interest with an energy dispersion of 0.5 eV/channel ensuring that edges from all elements of interest were collected in each spectrum and Gatan DigitalMicrograph software was used for STEM image and EELS analysis. Spectra were calibrated, normalized, and background subtracted.
CHA was used as reference spectra to identify the P, C, Ca, N, and O peaks in the acquired data from the sample.(32, 55) Carbonate moieties were identified using multi-Gaussian curve fitting using the carbon K edge from the CHA standard spectra as the reference ( Figure S5 ). Maps of the relative strength of the functional groups of interest (carbonyl and carbonate) were generated for each area of interest. Details of the experiments are provided in Supporting Information.
Statistical Analysis
Statistical differences between data sets were calculated using one-way ANOVA with
Bonferroni post hoc test, with a p value of less than 0.05 as statistically significant (n > 3). For sampling of morphological features in the ECM, for bright field and STEM imaging, 100 cells were surveyed from three different cultures. For EDX analysis, 8-16 spectra were acquired from each structure. Table   S1 and have been assigned according to (33) . ( EEL spectra taken at the carbon K edge from several different pixels within (D) a dense granule, (E) a needle-like globule and (F) fibrous mature mineral crystals. In (D) the spectra were taken from a 5x5 pixel average to reduce noise. In (E-F) spectra were taken from single pixels and denoised using principal component analysis (PCA, see SI for details). Carbonate and carbonyl groups were characterized by the 290.2 eV peak (peak C, highlighted in green) and the shoulder at 287 eV (peak B and highlighted in red). In (F), the mature needle-like mineral did not contain a carbonyl shoulder in the EEL spectra. Internal EELS references for amorphous carbon were also acquired from the resin-only areas. Assignment of the peaks in the carbon K edge is represented in Table S2 . (G-I) Carbonate and carbonyl intensity heatmaps generated through multi-Gaussian fitting for (G) the dense granules, (H) the needle-like globule and (I) the mature mineral. 
ABBREVIATIONS
Ca/P, calcium to phosphate ratio; EELS, electron energy loss spectroscopy; ACP, amorphous calcium phosphate; CaP, calcium phosphate; ECM, extracellular matrix; OCP, octacalcium phosphate; cryo-SEM, cryo-scanning electron microscopy; HPF, high pressure freezing; FS, freeze substitution; STEM, scanning transmission electron microscopy; EELS, electron energyloss spectroscopy; HRTEM, high-resolution transmission electron microscopy; SAED, selected area electron diffraction; HAADF-STEM, high-angle annular dark field scanning transmission electron microscopy; MLLS, multi-linear least squares; EDX, energy dispersive X-ray; CHA, carbonated hydroxyapatite; HA, hydroxyapatite.
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